Obesity is a major health problem in humans; it is associated with an increased risk of type 2 diabetes, as well as with cardiovascular and cerebrovascular diseases. Impaired cellular metabolism in target tissues that regulate fuel homeostasis is one of the pathogenic factors associated with obesity and type 2 diabetes (1) . Skeletal muscle plays a major role in determining whole body energy expenditure. In humans, skeletal muscle accounts for Ͼ70% of the body's total glucose disposal (2) . Recent studies utilizing computerized tomography and magnetic resonance imaging have demonstrated that adipose tissue located beneath the fascia lata is metabolically important in obesity and type 2 diabetes (3, 4) . The amount of triglycerides in skeletal muscle, although quite small relative to that in adipose tissue, is closely associated with insulin resistance (4 -6) .
The central melanocortin system is important in the control of food intake and body weight. Proopiomelanocortin neurons in the hypothalamus mediate leptin-induced catabolic effects (7) . The importance of the melanocortin pathway in the regulation of energy homeostasis has been elucidated using pharmacological and genetic evidence (8, 10 -14) . ␣-Melanocytestimulating hormone (␣-MSH) 2 and its analogues acutely suppress food intake after intracerebroventricular administration in rats and mice (8, 9) . Moreover, genetic disruption of MC4R has been found to cause obesity in mice (10) . Recent experiments in MC3R knock-out mice indicate that inactivation of MC3R results in increased fat mass and reduced body mass, despite the fact that the animals were hypophagic and maintained normal metabolic rates (11, 12) . However, the peripheral effects of melanocortins have not been extensively studied, even though ␣-MSH has been shown to have direct effects on several peripheral organ systems (13, 15) . Among the five subtypes of MCRs, MC5R is the predominant subtype expressed in skeletal muscle (16) , suggesting a direct peripheral action for melanocortins in this tissue. Recently, the role of melanocortins and MCRs in adipocytes has been studied (17) (18) (19) . However, the effects of melanocortins on skeletal muscle are not well understood.
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cules into the mitochondria for oxidation (20, 21) . MalonylCoA is synthesized from cytosolic acetyl-CoA through a reaction catalyzed by acetyl-CoA carboxylase (ACC). Meanwhile, AMP-activated protein kinase (AMPK) is a fuel-sensing enzyme present in most mammalian tissues (22) . In exercising skeletal muscle, activation of AMPK increased glucose transport (23) and FAO (22, 24) through the inhibition of ACC and activation of malonyl-CoA decarboxylase by phosphorylation, leading to a decrease in the concentration of malonyl-CoA and an increase in CPT-1 activity (25) . It has been reported that leptin stimulates FAO and glucose uptake and prevents the accumulation of lipids through AMPK activation and ACC inhibition (26) . However, whether melanocortins stimulate the oxidation of fatty acid in nonadipose tissues has not yet been determined.
To assess the peripheral regulation of melanocortins on fuel homeostasis in skeletal muscle, we studied 1) the effect of ␣-MSH analogues on FAO, 2) which MCRs play major roles in mediating FAO, 3) downstream signals after MCR activation, and 4) the role of AMPK in skeletal muscle FAO. Here, we showed that ␣-MSH regulates FAO through the activation of the MCR-mediated protein kinase A (PKA)-AMPK signal transduction pathway in skeletal muscle. Animals-Eight-week-old C57BL/6J male mice were obtained from the Jackson Laboratory (Daehan Biolink Co., Seoul, Korea). Animals were maintained under a 12-h lightdark cycle at 23°C according to institutional guidelines for the humane treatment of laboratory animals. All experimental protocols were approved by the Animal Ethics Committee of the University of Yonsei, College of Medicine (Seoul, Korea). Mice were housed with free access to food and water and were removed from the cages from 9:00 a.m. to 4:00 p.m. during the experiments.
EXPERIMENTAL PROCEDURES

Materials-␣-MSH, NDP-MSH, and [Glu
Myocyte Cell Cultures-A monolayer of mouse C2C12 myoblasts cells were grown in high glucose Dulbecco's modified Eagle's medium (Dulbecco's modified Eagle's medium 90%/10% (v/v) fetal calf serum, Invitrogen) in a humidified incubator at 37°C containing 5% CO 2 . Cells were grown in 100-mm dishes, sub-cultured at 60 -80% confluence, and split at a ratio of 1:10 using trypsin-EDTA. Cells grown to 60% confluence were sub-cultured at a ratio of 1:15 into 6-well dishes. When the cells were 80% confluent, differentiation into myoblasts containing myotubes was induced by switching to low serum differentiation medium (98% Dulbecco's modified Eagle's medium and 2% (v/v) horse serum). Differentiation medium was changed daily. By day 6, the cells were fully confluent and had differentiated into multinucleated myoblasts with contracting myotubes.
Primary Muscle Cell Culture-The hind limbs of 3-week-old mouse fetuses were used to prepare muscle cell cultures (27) . In brief, muscle tissue was dissected from the hind limbs under a microscope, and the tissue was then minced into small pieces with scissors. The suspension was digested with 0.1% (w/v) collagenase, 0.2% trypsin, and 0.1% DNase at 37°C for 30 min. Dulbecco's modified Eagle's medium containing 10% fetal calf serum and 10% horse serum (growth medium) was added to the suspension. The remaining tissue fragments were dissociated by triturating with a 10-ml pipette. The cell suspension was centrifuged at 2000 ϫ g for 5 min, and the supernatant was discarded. Twenty microliters of growth medium was added, and the suspension was again triturated with a 10-ml wide-bore pipette to dissociate aggregated cells. The suspension was filtered through a 70-m nylon mesh, and the cells were seeded onto two 100-mm Petri dishes for 45 min. During this time, the fibroblasts attached to the bottom of the dish, while the myoblasts remained in suspension. The medium was removed and the dishes were discarded. Cells were counted and seeded onto 100-mm dishes coated with 0.1% gelatin. For the purpose of further purification of the myocytes, fibroblasts and other contaminating cell types were removed by dispase treatment 48 h after seeding, as described by Daniels (27) . All experiments were performed on first passage cells 11-12 days after re-plating.
RT-PCR Reaction-Total RNA from the hypothalamus, skeletal muscle, liver, pancreas, and C2C12 cells was isolated using Tri reagent (Invitrogen) and treated with DNase I (Promega, Madison, WI). RNA was quantified by measuring absorbance at 260 nm; the A 260 /A 280 ratio was 1.8 or higher. One microgram of total RNA was reverse-transcribed using 2 units of Moloney murine leukemia virus reverse transcriptase (Promega), 0.5 g of random primer (Promega), 0.25 mM dNTPs (Promega), and 10 units of RNasin (Promega) in a final volume of 20 l. PCR amplification was performed using 1 l of RT products, 0.2 mM dNTPs, and 1.5 unit of Taq polymerase (Promega) in a final volume of 50 l. PCR amplification for each melanocortin receptor was performed with 35 cycles of 30 s at 94°C, 30 s at 50°C, and 1 min at 72°C. The following oligonucleotides were used for RT-PCR amplification: MC1R: forward, 5Ј-GCC ACC CTT ACT ATC CTT CT-3Ј; reverse, 5Ј-ATA TCA CTG TCA CCC TCT GC-3Ј; MC3R: forward, 5Ј-CAAGATGGTCATCG-TGTGTCT-3Ј; reverse, 5Ј-TAGCCCAAGTTCATGCTGTT-3Ј; MC4R: forward, 5Ј-ATCATTTACTCGGACAGCAGC-3Ј; reverse, 5Ј-ACAACTCACAGATGCCTCCCA-3Ј; MC5R: forward, 5Ј-TCATTTGCCTCATCTCCATGT-3Ј; reverse, 5Ј-ACT-GAGAGAGGAAGGCGTTT-3Ј; and ␤-actin: forward, 5Ј-TTC-AACACCCCAGCCATGT-3Ј; reverse, 5Ј-TGTGGTACGA-CCAGAGGCATAC-3Ј.
Muscle Mitochondria Preparation and CPT-1 Activity AssayAnimals were sacrificed by decapitation. The soleus muscles were homogenized in 0.15 M KCl medium containing 10 mM Tris-HCl (pH 7.4) and 1 mM EDTA. Mitochondria were isolated as described by Saggerson and Carpenter (28) and resuspended in 0.15 M KCl medium. Mitochondrial protein levels were measured using Lowry's method (29) . Enzyme activity was determined within 15 min of mitochondrial isolation by measuring the incorporation of L-[methyl-
14 C]carnitine into the n-butanol-soluble product (28) . Mitochondria (250 g of protein)
were preincubated at 25°C for 4 min in 1.0 ml of a mixture containing 150 mM sucrose, 60 mM KCl, 25 mM Tris-HCl (pH 7.4), 1 mM EDTA, 1 mM dithiothreitol, 40 M palmitoyl-CoA, and 1.3 mg/ml albumin (fatty acid-free). Reactions were started by adding 25 l of a solution containing 1
14 C]carnitine and continued for up to 4 min. The reactions were then stopped by adding 1.0 ml of ice-cold 1 N HCl. Blank values were determined by replacing the mitochondrial samples with an equal volume of resuspension buffer.
Measurement of Palmitate Oxidation in the Primary Muscle Cells and C2C12 Cells-FAO was measured by quantifying the production of 3 H 2 O from [9,10- 3 H]palmitate as previously described (30) . Briefly, the cells were trypsinized, counted, plated (1 ϫ 10 6 cells per well in 12-well coated microplates), and allowed to grow for 6 days in differentiation medium. Tritiated water release experiments were performed in triplicate. Cultured muscle cell layers were washed three times with Dulbecco's phosphate-buffered saline. Next, 500 l of [9, H]palmitic acid (53 Ci/mmol) was bound to fatty acid-free albumin (final concentration: 125 M, palmitate: albumin ϭ 1:1). ␣-MSH was added as specified for each experiment. The incubation was carried out for 2 h at 37°C. After incubation, the mixture was removed and added to a tube containing 200 l of cold 10% trichloroacetic acid. The tubes were centrifuged for 10 min at 2,200 ϫ g at 4°C. Aliquots of the supernatants (350 l) were removed, mixed with 55 l of 6 N NaOH, and applied to ion-exchange resin. The columns were washed twice with 750 l of water, and the eluants were counted.
AMPK Assay-AMPK activity was measured as previously described (31) . Differentiated cells on 6-well plates were incubated with the indicated concentrations of ligands for the specified periods at 37°C. Cell lysates were prepared with a buffer containing 1% Nonidet P-40 and were immunoprecipitated with an anti-AMPK␣2-subunit antibody (Upstate) and protein A/G-agarose beads (Santa Cruz Biotechnology, Santa Cruz, CA). The beads were washed three times with washing buffer (20 mM Tris-HCl, pH 8.0, 140 mM NaCl, 1% Nonidet P-40, and 1 mM dithiothreitol) and once with AMPK assay buffer (40 mM HEPES, 200 mM AMP, 80 mM NaCl, 0.8 mM dithiothreitol, 5 mM MgCl 2 , pH 7.0). The immunoprecipitates were resuspended in 30 l of assay mixture (40 mM HEPES, 200 mM AMP, 80 mM NaCl, 0.8 mM dithiothreitol, 5 mM MgCl 2 , 0.2 mM ATP, 0.1 mM "SAMS" peptide, and 2 Ci of [␥-32 P]ATP) and incubated for 20 min or the indicated periods at 30°C. Twenty microliters of the supernatant was spotted onto Whatman P81 chromatography paper. The filter was then washed four times with 1% phosphoric acid and air dried. AMPK activity was determined by measuring the incorporation of 32 P using scintillation counting.
Adenoviral Gene Transfer of Dominant-negative ␣1 and ␣2 AMPK-Plasmid encoding c-Myc-tagged forms of dominantnegative ␣1 and ␣2 AMPK were kindly provided by Dr J. Ha (Dept. of Molecular Biology, Kyung Hee University College of Medicine, Seoul, Korea). Adenoviruses containing either ␤-galactosidase (Ad-␤-gal) or a mixture of dominant-negative ␣1 AMPK and ␣2 AMPK (Ad-DN-AMPK) were added to subconfluent C2C12 cells at a concentration of 50 plaque-forming units per cell for 2 h at 37°C in Dulbecco's modified Eagle's medium without serum, as described previously (32) .
Immunoblotting Analysis-After stimulation for the indicated time, cells were washed once in ice-cold phosphate-buffered saline and lysed in a lysis buffer containing 20 mM Tris (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM ␤-glycerol phosphate, 1 mM Na 3 VO 4 , 1 g/ml leupeptin, and 1 mM phenylmethylsulfonyl fluoride. The samples were centrifuged at 10,000 ϫ g at 4°C for 10 min, and the supernatants were collected. The proteins were separated on 10% SDS-polyacrylamide gels and transferred to Immobilon-P membranes (Millipore, Bedford, MA). The blots were incubated with 5% skim milk powder in TBST (10 mM Tris, pH 8.0, 150 mM NaCl, 0.05% Tween 20, also used for all incubation and washing steps) for 1 h at room temperature, and then incubated overnight at 4°C with anti-phosphoAcetyl CoA polyclonal antibody (Upstate) or anti-acetyl-CoA polyclonal antibody (Upstate). After rinsing, the blots were incubated for 1 h with a 1:2,000 dilution of peroxidase-conjugated anti-rabbit IgG antibody. After washing three times, the signals were visualized with the Enhanced Chemiluminescence detection system (Amersham Biosciences).
Small Interfering RNA Construction-An appropriate siRNA sequence within the target melanocortin receptor mRNA sequence was chosen according to the manufacturer's software (provided by Ambion, Austin, TX). 5Ј-AAT GTG CTG GTT GTG GCC CCT GTC TC-3Ј and 5Ј-AAG GCT ATC ACA ACC AGC ACA CCT GTC TC-3Ј siRNA oligonucleotides for MC1R, 5Ј-AAC ACG TTC AAG GAG ATT CTC CCT GTC TC-3Ј and 5Ј-AAG AGA ATC TCC TTG AAC GTG CCT GTC TC-3Ј siRNA oligonucleotides for MC3R, and 5Ј-TCATTTGCCTCAT-CTCCATGT-3Ј and 5Ј-ACTGAGAGAGGAAGGCGTT T-3Ј siRNA oligonucleotides for MC5R were synthesized using a siRNA kit (Ambion) according to the manufacturer's instructions. C2C12 cells were plated in 6-well plates for RNA preparation and in 12-well plates for the palmitate oxidation assay. They were transfected at 70% confluency with 50 nM control siRNA or one of the melanocortin receptor siRNAs using Lipofectamine reagent (Invitrogen) according to the manufacturer's instructions. After transfection, cells were recovered in the regular growth medium for 48 h before inducing differentiation into myoblasts with differentiation medium. Effective RNA interference probes and their effective concentrations were determined based on their ability to inactivate cognate sequences. The effect of each siRNA was measured by quantitative RT-PCR gel analysis.
Statistical Analysis-Results are expressed as means Ϯ S.E. Statistical analyses were performed using GraphPad Instat software (GraphPad Software, Inc.). All data were analyzed using the Student's t test or ANOVA.
RESULTS
Effect of ␣-MSH on FAO in Primary Muscle and C2C12
Cells-To investigate whether ␣-MSH regulates FAO in skeletal muscle, the activity of CPT-1, the rate-limiting enzyme in FAO, was measured. Mice were subcutaneously injected with 100 nM ␣-MSH, and CPT-1 activity in skeletal muscle was measured at 0, 0.5, 1, 3, and 5 h after ␣-MSH treatment. CPT-1 activity increased significantly after treatment (36% increase at 1 h) and returned to the baseline level at 5 h (Fig. 1A) . The effect of ␣-MSH on palmitate oxidation was also measured in C2C12 cells and primary culture muscle cells. In C2C12 cells, 10 Ϫ8 M ␣-MSH induced a significant increase in palmitate oxidation (40% relative to control) and at 10 Ϫ5 M ␣-MSH, palmitate oxidation increased to 210% (Fig. 1B) . A similar dose-dependent effect was observed in primary muscle cells (Fig. 1C) . NDP-MSH, another MCR agonist, also increased palmitate oxidation at concentrations ranging from 10 Ϫ8 M to 10 Ϫ5 M in C2C12 cells (Fig. 1D) , suggesting a functional role for MCRs in melanocortin-induced FAO in skeletal muscle. investigate the expression of the five  MCR subtypes (MC1R, MC2R , MC3R, MC4R, and MC5R) in mouse peripheral tissues and C2C12 cells, RT-PCR was performed using primers specific to each subtype. The hypothalamus was used as a positive control. All subtypes, except MC2R, were detected at variable levels in skeletal muscle and C2C12 cells as well as adipose tissue and liver. Both MC1R and MC5R were diffusely expressed but most highly expressed in skeletal muscle ( Fig. 2 and supplemental Fig. S1 ). (Fig. 3A) . SHU9119 is a potent, nonselective antagonist against both MC3R and MC4R; however, it is an agonist for both MC1R and MC5R (33) . SHU9119 increased the effect of ␣-MSH-induced palmitate oxidation in C2C12 cells (Fig. 3B ) and primary muscle cells (Fig. 3C) . Moreover, SHU9119 alone increased palmitate oxidation in both cell lines (Fig. 3, B and C) . JKC-363, a selective MC4R antagonist, slightly decreased ␣-MSH-induced palmitate oxidation, but not to a statistically significant degree (Fig. 3D) .
MCR Subtypes Expressed in Skeletal Muscle and C2C12 Cells-To
Identification of the MCR Subtype Mediating ␣-MSH-induced FAO in
Effects of siRNA against MCR on FAO-To further examine the role of MCRs on FAO in skeletal muscle, C2C12 cells were transfected with siRNAs designed to suppress expression of the MCR subtypes. Two days after transfection, the cells reached a confluent state, and the medium was exchanged with a differentiation medium containing 2% horse serum. After 3 days of differentiation, mRNA expression of three subtypes of MCR was suppressed by up to 60% for MC1R, 90% for MC3R, and 80% for MC5R compared with the control (Fig. 4A) . ␣-MSH increased FAO in cells transfected with the control siRNA, and siRNA against either MC1R or MC3R failed to show any visible suppression of ␣-MSH induced FAO in these cells (Fig. 4B) . However, no significant ␣-MSH-induced increase in FAO was observed in cells transfected with MC5R-specific siRNA (Fig. 4B) .
Effects of ␣-MSH on AMPK Activity in C2C12 Cells and Primary Culture Muscle Cells-Activation of AMPK, a well known fuel-sensing enzyme present in skeletal muscle, increases FAO through the inhibition of acetyl-CoA carboxylase (24) . To investigate the involvement of AMPK in ␣-MSH-induced FAO in skeletal muscle, C2C12 cells and primary muscle cells were treated with ␣-MSH and SHU9119. AMPK activity was measured after 30 min. ␣-MSH treatment increased AMPK activity up to 56% in C2C12 cells and up to 86% in primary culture muscle cells. SHU9119 alone also increased AMPK activity, and co-treatment with ␣-MSH and SHU9119 did not reduce the effects of ␣-MSH on AMPK activity (Fig. 5, A and B) . Dominant-negative AMPK partially blocked the ␣-MSH-induced increase in AMPK activity in C2C12 cells (Fig. 5C) .
Involvement of cAMP and PKA in ␣-MSH-induced FAOMCRs belong to the G-protein-coupled receptor family; they are all linked to cAMP generation via stimulatory G-proteins and adenylate cyclase. To investigate whether direct stimulation of the cAMP pathway could increase FAO, we measured palmitate oxidation and AMPK activity after treatment of C2C12 cells and primary culture muscle cells with two cAMP analogues, Bt 2 cAMP and 8-Br-cAMP. Both analogues significantly increased palmitate oxidation (Fig. 6, A and B) and AMPK activity (Fig. 6, C and D) in both types of cells.
To further identify the role of cAMP in ␣-MSH-induced FAO in skeletal muscle, palmitate oxidation and AMPK activity were measured after treatment with the cAMP antagonist, (R p )-cAMP, or the PKA inhibitor, H89, in C2C12 cells. Both (R p )-cAMP and H89 effectively decreased ␣-MSH-induced palmitate oxidation (Fig. 6D) and the activation of AMPK (Fig. 6E ) in C2C12 cells, suggesting an important role for cAMP and the PKA activation pathway in ␣-MSH-induced FAO.
ACC Phosphorylation Is the Downstream Signal for ␣-MSHinduced FAO-AMPK activation increases FAO by inhibiting ACC activity and by decreasing the concentration of malonylCoA. ACC␤ activity predominates in oxidative tissues, such as heart and skeletal muscle tissue. To further determine the role of AMPK and ACC on ␣-MSH-induced FAO, ACC phosphorylation was also examined in C2C12 cells. Treatment of C2C12 cells with 10 Ϫ9 M ␣-MSH increased ACC phosphorylation (Fig.  7A) . Meanwhile, SHU9119 treatment increased ACC phosphorylation (Fig. 7B) . Treatment with a cAMP inhibitor or a PKA inhibitor suppressed ␣-MSH-induced ACC phosphorylation (Fig. 7C) .
DISCUSSION
Our data demonstrate that ␣-MSH increased FAO in a dosedependent manner in mouse skeletal muscle and C2C12 cells. In addition, we suggest that MC5R is the most probable subtype involved in inducing FAO in skeletal muscle, possibly via the cAMP-PKA-AMPK-ACC pathway.
Interest in the hypothalamic melanocortin system has increased dramatically during the past several years. The melanocortin pathway is important in the regulation of energy homeostasis (13) , and there is little disagreement that the central melanocortin system is important for control of food intake and body weight (7, 8) . However, the peripheral effects of melanocortins have rarely been studied, even though ␣-MSH has also been shown to have direct effects on several peripheral organ systems (17) (18) (19) . Interestingly, peripheral administration of ␣-MSH to proopiomelanocortin null mice led to substantial weight loss, with melanocortins having a direct effect on adipocytes (13, 15) . Forbes et al. (17) reported that ␣-MSH has a direct effect on lipid metabolism in adipocytes, perhaps through MC3R. In addition, there is increasing evidence for a peripheral action of melanocortins in the regulation of leptin expression in adipocytes (18, 19) . However, the effects of melanocortins on skeletal muscle are not well understood, even though MCRs are expressed in skeletal muscle.
Peripheral injection of ␣-MSH significantly increased CPT-1 activity in mouse skeletal muscle (Fig. 1A) and ␣-MSH increased FAO in a dose-dependent manner in skeletal muscle cells (Fig. 1, B and C) , suggesting that ␣-MSH regulates FAO through MCRs in the skeletal muscle.
Five subtypes of MCR have been cloned and characterized (16, 34 -37) . Among them, MC3R, MC4R, and MC5R are known to be expressed in both the central nervous system and in peripheral tissues. MC3R has been found in several nuclei of the hypothalamus, the pancreas, and the gastrointestinal tract; MC4R is found throughout the brain, in the sympathetic nervous system, and in muscle; and MC5R can be found in a broad spectrum of tissues, including the brain and skeletal muscle. Whereas MC5R is expressed in skeletal muscle (16) , it was not known if other subtypes are also expressed. In this study, we demonstrated that four subtypes of MCRs (MC1R, MC3R, MC4R, and MC5R) were highly expressed at the mRNA level in mouse skeletal muscle cells and C2C12 cells. On the contrary, extremely low levels of MCR mRNAs were observed in adipose tissue (Fig. 2) .
Because mRNA expression does not necessarily represent protein expression or function, we performed serial experiments using MCR agonists and antagonists. Unexpectedly, [Glu 6 ]␣-MSH-ND, which has ample potency for activation of both MC3R and MC4R, revealed very weak potency for the activation of FAO in C2C12 cells (only at 10 Ϫ5 M, p Ͻ 0.05) (Fig.  3A) (38) . These data suggest that neither MC3R nor MC4R is functioning in ␣-MSH induction of FAO in skeletal muscle. A potent and relatively selective MC4R antagonist, JKC-363, which is more potent than HS014, did not inhibit ␣-MSH-induced FAO (39, 40) (Fig. 3D) . SHU 9119, which is both an MC3R and MC4R antagonist and an MC1R and MC5R agonist (33) , enhanced the effect of ␣-MSH-induced FAO in skeletal muscle cells, and even SHU9119 alone increased FAO (Fig. 3, B  and C) . The above serial experiments using agonists and antagonists suggest that either MC1R or MC5R or both might mediate induction of FAO in skeletal muscle. siRNA against MCRs were used to identify the subtype mediating ␣-MSH-induced FAO in skeletal muscle. Only the siRNA against MC5R decreased FAO induced by either ␣-MSH or SHU9119 (Fig.  4B) . Taken together, these data suggest that ␣-MSH induces FAO in skeletal muscle, primarily through direct interaction with MC5R. There have been few studies regarding the functional role of MC5R in the regulation of energy homeostasis. MC5R null mice showed water repulsion and reduced core body temperature after swimming (41) . Only the Quebec Family Study has reported an MC5R association with obesity (42) . Therefore, this is the first report suggesting a possible role for MC5R in mouse skeletal muscle energy metabolism.
MCRs are G-protein-coupled receptors; they are all coupled to adenylate cyclase via G-proteins. PKA activation stimulates the activity of CPT-1, a key enzyme in hepatocyte FAO (43). PKA activation is also required for leptin-induced FAO in aortic endothelial cells (44) . In our study, two cAMP analogues increased FAO in both cell lines (Fig. 6, A and B) ; this was almost completely antagonized by treatment with either cAMP antagonist or PKA inhibitor (Fig. 6E) . These results indicate that ␣-MSH-induced FAO may be mediated by cAMP-PKA activation in skeletal muscle.
AMPK is an intracellular energy sensor that has been implicated as a major regulator of FAO, glucose metabolism, and lipid metabolism in mammals. We observed that ␣-MSH-increased AMPK activity in skeletal muscle cells and dominantnegative AMPK partially abolished ␣-MSH-induced FAO (Fig.  5, A-C) , indicating that AMPK activation is at least partially required. Recent studies have already revealed that AMPK activation increases FAO (22, 24) through the inhibition of ACC activity by phosphorylation in skeletal muscle. Even though phosphorylation of ACC by AMPK or PKA activation has been reported in both skeletal (45) and cardiac muscle (46) , there are still some conflicts regarding PKA-induced ACC activation (45, 47) . In 3T3L1 adipocytes, cAMP analogues lead to AMPK activation and maximal lipolytic activation (48) . In this study, cAMP analogues increased AMPK activity (Fig. 6, C and D) in skeletal muscle cells with complete inhibition by a cAMP antagonist ((R p )-cAMP) and a PKA inhibitor (Fig. 6F) . These results suggest that activation of the cAMP-PKA signal transduction pathway could be important for AMPK activation in skeletal muscle cells. The lack of a consensus PKA phosphorylation site in AMPK (48) suggests that PKA regulates AMPK activity through an unknown mechanism. Treatment of C2C12 cells with ␣-MSH or cAMP analogues suppressed ACC activity by phosphorylation (Fig. 7) , and the responses of ACC phosphorylation caused by SHU9119, H89, and (R p )-cAMP were also similar to the changes in palmitate oxidation and AMPK activity. Taken together, these data suggest that PKA-AMPK activation, followed by ACC phosphorylation, plays a crucial role in ␣-MSH-induced FAO in skeletal muscle (Fig. 8) .
Although classically considered as being of pituitary origin, proopiomelanocortin-derived peptides have been identified in a variety of peripheral tissues, such as the thyroid, pancreas, gastrointestinal tract, and placenta (49) . ␣-MSH has also been found in circulating plasma (50) . We have also found that the ␣-MSH significantly enhanced the 2-deoxyglucose uptake by insulin via pre-treating with ␣-MSH in C2C12 cells (supplemental Fig. S2 ). To delineate the direct peripheral effects of melanocortin, clear documentation of its role in other peripheral tissues and in vivo experiments addressing whole body lipid metabolism and insulin sensitivity are needed.
In conclusion, our study demonstrates that ␣-MSH regulates FAO in skeletal muscle through the activation of MCRs, mainly MC5R, and the activation of AMPK. Our data show possible involvement of the melanocortin system in the regulation of lipid metabolism in skeletal muscle, independent of its well known effects in the central nervous system. Furthermore, our findings may provide valuable insight regarding potential melanocortin analogues that could be used to improve insulin sensitivity by stimulating FAO in skeletal muscle.
